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a b s t r a c t
The rheological properties of shear thickening fluid (STF) reinforced with SiC nanowires were investi-
gated in this paper. Pure STF consists of 56 vol% silica nano-particles and polyethylene glycol 400 (PEG
400) solvent was fabricated; and a specific amount of SiC nanowires were dispersed into this pure STF,
and then the volume fraction of PEG400 was adjusted to maintain the volume fraction of solid phase
in the STF at a constant of 56%. The results showed there was almost 30% increase in the initial and shear
thickening viscosity of the STF reinforced with SiC nanowires compared to the pure STF. Combining with
the hydrodynamic cluster theory, the effect of the mechanism of SiC nanowire on the viscosity of STF was
discussed, and based on the experimental results, an analytical model of viscosity was used to describe
the rheological properties of STF, which agreed with the experimental results.
 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Shear thickening fluid (STF) is Non-Newton fluid, in which the
hard nanoparticles are dispersed in the carrier fluid. The viscosity
of STF can increase dramatically to become almost solid when
the shear rate exceeds a critical value [1,2]. Because of its unique
characteristics, STF has been used to develop energy absorbers,
vibration controllers and safety protects [3–11]. For instance, Petel
et al. [7] investigated how the particle strength and volume frac-
tion affected the deceleration performance of STF. Lu et al. [8] stud-
ied the compressive behavior of warp-knitted fabrics impregnated
with shear thickening fluid. Park et al. [9] experimentally and
numerically investigated the absorption properties of Kevlar fab-
rics impregnated by STF at a velocity between 1 to 2 km/s. Tan
et al. [10] studied the energy absorption characteristics of a sand-
wich plate with an STF core subjected to penetration loading.
Fisher et al. [11] reported the effect of a STF core on the vibration
suppression of a sandwich beam. In a bid to further improve its
application, fabricating STF with a high rheological performance
presents a significant challenge.
Among those works focused on the application of STF, several of
them aimed at improving the rheological performance of STF in
order to enhance the application of STF [12–15]. Feng et al. [12]
studied the effect of STFs with sub-micrometer silica and fumed
silica particles on quasi-static stab resistant properties of fabrics
impregnated with shear thickening fluids. Laha et al. [13] investi-
gated the effect of the silica-halloysite nanotubes on the properties
of STFs. Gürgen et al. [14] investigated the influence of ceramic
particle additives on the STF consisting of fumed silica and PEG400.
These previous works showed that the shear thickening mech-
anism of STF forms internal chains or clusters of nanoparticles [15–
17]. Based on those previous works, the SiC nanowires were used
to promote the 56 vol% pure STF. Different amount of SiC nano-
wires were added into the pure STF. To study the role that SiC
nanowires play in STF, the total volume fraction of the SiO2 and
SiC nanowires are kept at a constant 56 vol%. The rheological
behavior of STF reinforced by SiC nanowires is tested and com-
pared to STF without nanowires. The effect that nanowire has on
the viscosity of the STF was then discussed. An analytical model
was also used to fit the experimental results, which means it can
be used for future numerical calculations.
Experimental procedures
Materials
Pure STF in this study consists of SiO2 nano-particles and poly-
ethylene glycol with a molecular weight of 400 (PEG400). The SiO2
sphere with a diameter of 300 nm, made by Stober methods
http://dx.doi.org/10.1016/j.rinp.2017.08.065
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[18,19], was tested using an S-4800 field emission scanning elec-
tron microscope (FE-SEM), as shown in Fig. 1(a). SiC nanowire
(produced by Nanjing XF Nano Company in China) was used to
improve the pure STF fabricated with SiO2/PEG400. An SEM graph
of SiC nanowires is shown in Fig. 1(b).
The pure STF with 56 vol% SiO2 nanoparticles was fabricated
with a specific volume of SiO2 nano-particles and PEG400 solvent;
it was then treated in a planetary ball mill for 2–3 h. Based on pure
STFs, SiC nanowires were added into the pure STF to improve its
viscosity. This dispersed phase (including SiC nanowires and
SiO2) volume fraction was kept constant at 56%. The process is as
follows: (1) a specific amount of SiC nanowires were added into
pure SiO2/PEG400 STF to ensure that the volume fraction of the dis-
persed phase was 56 vol%; (2) the STF and SiC nanowires were
mixed with ethyl alcohol for 40mins using a sonicator to ensure
a uniform dispersion of SiC nanowires and SiO2 nanoparticles in
the PEG/400 and alcohol solvent; (3) this fluid was then placed
inside a dry box for 24 h at 65 C to remove ethyl alcohol. In order
to analyze the effect that SiC nanowires have in STF, three types of
STFs were designed in these experiments. The volume fraction of
the SiC nanowires is 0.625 vol%, 0.938 vol%, and 1.25 vol%, respec-
tively. Details of these samples are shown in Table 1.
Rheology test
Rheology tests were carried out using a rheometer (Anton-Paar
MCR301) at the University of Science and Technology of China. The
samples were placed between a cone plate and foundation support
of the rheometer. The angle and diameter of cone plate is 2.007
and 24.967 mm, respectively. The shear rate applied on the sample
was increased from 0 to 100 s1 during the experiments. All the
tests were carried out at room temperature of 25 C.
Results and discussions
Viscosity-shear rate curves
The viscosity curves of the four different STFs shown in Fig. 2
indicate that each curve has three processes: shear thinning, shear
thickening and shear thinning. Both initial and the shear thicken-
ing viscosities of the STFs with SiC nanowires have significant
increases compared to the STF without SiC nanowires. This initial
viscosity increases as the volume fraction of SiC nanowires
increases. The initial viscosity of the STF without SiC nanowires
is about 50 Pas, and the initial viscosity of the STF reinforced with
SiC nanowires is about 300 Pas, 550 Pas and 755 Pas; this
increase was due to SiC nanowires, even though the critical shear
rate is similar.
All four of these STFs experienced obvious discontinuous shear
thickening, during which process the maximum viscosity increased
and then decreased as the volume fraction increased. The peak
value of the pure STF is 460 Pas, and the peak values of the STF
with 0.625 vol%, 0.938 vol% and 1.25 vol% SiC nanowires are
605 Pas, 620 Pas, and 462 Pas, respectively. Compared to the pure
STF, the increase in the viscosity of the STF with SiC nanowires is
about 30%.
To illustrate the improvement in the viscosity of STFs, we
defined this ratio ð/Þ as:
/ ¼ gimax  gAmax
gAmax
% ði ¼ B;C;DÞ ð1Þ
where, gAmax and gimaxði ¼ B;C;DÞ are the maximum viscosities of
the STF samples A, B, C and D during the shear thickening period.
The results are shown in Fig. 3.
Effect of the SiC nanowires on the viscosity
It can be seen from Fig. 2 that there is a significant influence on
the viscosity of the STFs by the SiC nanowires. Fig. 4 is a schematic
graph of the mechanism of the shear thickening and shear thinning
of the STF with/without nanowires.
For the STF without nanowires, the shear thickening mecha-
nism of the STF is due to the formation of jamming clusters bound
together by hydrodynamic lubrication force [17–19]. As the shear
rate increases, the hydrodynamic lubrication force cannot bear
the external force so the nanoparticles begin to slip and the jam-
ming clusters collapse, as shown in Fig. 4(a).
The nanowires in STF at a quasi-static or at a less than critical
shear rate, were distributed between the nanoparticles, so they
cannot flow inside the STF, which caused the quasi-static viscosity
to increase as the volume fraction of SiC nanowires increased. This
scenario corresponds to the large increase in viscosity at a quasi-
static shear rate shown in Fig. 2.
When the shear rate reaches a critical value, the viscosity
increases immediately due to the formation of particle clusters.
And then the nanowires between the clusters of nanoparticles will
prevent them from slipping and collapsing; this will increase the
viscosity of STF, as shown in Fig. 4(b), which corresponds to an
increase in the viscosity of STF with 0.625 vol% and 0.938 vol%
SiC nanowires, as shown in Fig. 2.
However, if the amount of SiC nanowires is excessive, the
nanoparticle clusters would contain many nanowires, which weak-
ens the clusters and makes it easier for the nanoparticles to slip, as
Fig. 1. The SEM graphs of (a) SiO2 particles and (b) SiC nanowires.
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shown in Fig. 4(c). This result corresponds to the decreasing
viscosity of the STF with 1.25 vol% compared to that of the STF with
0.625 vol% and 0.938 vol% SiC nanowires shown in Fig. 2.
Analytical model
A viscosity model was used to fit the experimental results; fur-
ther can be found in Ref. [20]. This model is useful for numerical
simulations and curve-fitting procedures due to its continuous
derivative. It contains a three part function which can be used to
model the three typical regions shown in Fig. 2. The model is
expressed as follows:
gð _cÞ ¼
gIð _cÞ ¼ gc þ g0gc1þ½KIð _c2=ð _c _ccÞÞnI for _c 6 _cc
gIIð _cÞ ¼ gmax þ gcgmax1þ½KIIðð _c _ccÞ=ð _c _cmaxÞÞ _cnII for _cc < _c 6 _cmax




where, gI;gII;gIII are the viscosity functions that fit the zones of
shear thinning, shear thickening, and shear thinning of the general
viscosity curve. KI;KII;KIII possess time dimensions and are respon-
sible for the transitions between the plateaus and the power-law;
nI;nII;nIII are the dimensionless exponents related to the slopes of
the power-law regimes; gmax and _cmax are the maximum viscosity
and the corresponding shear rate, respectively; _cc and gc are the
critical shear rate and corresponding viscosity, respectively; they
were obtained from the experimental data shown in Fig. 2.
The fitting curves agree with the experimental results, as shown
in Fig. 5. The three typical regions of the rheological properties of
the STF are situated in the fitting curves: slight shear thinning at
a low shear rate, shear thickening over the critical shear rate, and
obvious shear thinning at a high shear rate. And the values of the
parameters in Eq. (2) are also presented in Table 2, which can be
Table 1
The volume fraction of the dispersed phase in the different STFs.
Sample No. A B C D
The volume fraction of SiC nanowires (vol%) 0 0.625 0.938 1.250
The volume fraction of SiO2 (vol%) 56 55.375 55.063 54.750
Total volume fraction of the dispersed phase (vol%) 56 56 56 56
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Fig. 3. The improve ratio of viscosity of different STFs compared to the pure STF.
Fig. 4. Schematic graph of the mechanism of the shear thickening. (a) pure STF; (b)
STF with a proper amount of SiC nanowires; (c) STF with an excessive SiC
nanowires.
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used to describe the curve of viscosity-shear rate of STF in the
numerical calculations.
Conclusions
In this study, SiC nanowires were used to improve the proper-
ties of pure SiC/PEG400 STF. To investigate the effect of the SiC
nanowires on the rheological behavior of the STF, three different
types of STF with SiC nanowires were fabricated and characterized.
The results showed that the SiC nanowires had a significant influ-
ence on the initial viscosity and the thickening behavior of STF.
Combining the cluster theory, the mechanism of the STF with SiC
nanowires was discussed. It indicated that adding SiC nanowires
is a valid way of improving the rheological properties of STF.
A viscosity function model was used to fit the experimental
results, and the fitting-curves agreed with the experimental
results. Three typical regions of the viscosity curves were well-
fitted and would therefore be useful if they were used in numerical
simulation of the application of the STF for future work.
Acknowledgements
This work was supported by the National Natural Science Foun-
dation of China (No. 11672214) and the Fundamental Research
Funds for the Central Universities, Wuhan University of Technol-
ogy (WUT: 2017IB008).
References
[1] Raghavan SR, Khan SA. Shear-thickening response of fumed silica suspensions
under steady and oscillatory shear. J Colloid Interface Sci 1997;185:57–67.
[2] Lee YS, Wagner NJ. Dynamic of shear thickening colloidal suspensions. Rheol
Acta 2003;42:199–208.
[3] Rabb R, Fahrenthold E. Evaluation of shear-thickening-fluid Kevlar for large-
fragment-containment application. J Aircr 2011;48:230–4.
[4] Srivastava A, Majumdar A, Butola BS. Improving the impact resistance
performance of Kevlar fabrics using silica based shear thickening fluid. Mater
Sci Eng A 2011;529:224–9.
[5] Reis PNB, Ferreira JAM, Santos P, Richardson MOW, Santos JB. Impact response
of Kevlar composites with filled epoxy matrix. Compos Struct 2012;94:3520–8.
[6] Majumdar A, Butola BS, Srivastava A. Development of soft composite materials
with improved impact resistance using Kevlar fabric and nano-silica based
shear thickening fluid. Mater Des 2014;54:295–300.
[7] Petel O, Ouellet S, Loiseau J, Frost D, Higgins JA. A comparison of the ballistic
performance of shear thickening fluids based on particle strength and volume
fraction. Int J Impact Eng 2015;85:83–96.
[8] Lu Z, Jing X, Sun B, Gu B. Compressive behaviors of warp-knitted spacer fabrics
impregnated with shear thickening fluid. Compos Sci Technol 2013;88:184–9.
[9] Park Y, Kim Y, Baluch AH, Kim C. Empirical study of the high velocity impact
energy absorption characteristics of shear thickening fluid (STF) impregnated
Kevlar. Int J Impact Eng 2014;72:67–74.
[10] Tan ZH, Zuo L, Li WH, Liu LS, Zhai PC. Dynamic response of symmetrical and
asymmetrical sandwich plates with shear thickening fluid core subjected to
penetration loading. Mater Des 2016;94:105–10.
[11] Fischer C, Braun SA, Bourban PE, Michaud V, Plummer CJG, Manson JAE.
Dynamic properties of sandwich structures with integrated shear-thickening
fluids. Smart Mater Struct 2006;15:1467–75.
[12] Feng X, Li S, Wang Y, Wang Y, Liu J. Effects of different silica particles on
quasistatic stab resistant properties of fabrics impregnated with shear
thickening fluids. Mater Des 2014;64:456–61.
[13] Laha A, Majumdar A. Shear thickening fluids using silica-halloysite nanotubes
to improve the impact resistance of p-aramid fabrics. Appl Caly Sci
2016;132:468–74.
[14] Gürgen S, Li WH, Kushan MC. The rheology of shear thickening fluids with
various ceramic particle additives. Mater Des 2016;104:312–9.
[15] Liu DM. Particle packing and rheological property of highly-concentrated
ceramic suspensions: um determination and viscosity prediction. J Mater Sci
2000;35:5503–7.
[16] Cheng X, McCoy JH, Israelachvili JN, Cohen I. Imaging the microscopic
structure of shear thinning and thickening colloidal suspensions. Science
2011;333:1276–9.
[17] Farr RS, Melrose JR, Ball RC. Kinetic theory of jamming in hard-sphere startup
flows. Phys Rev E 1997;55:7203–11.
[18] Stober W, Fink A, Bohn E. Controlled growth of monodisperse silica spheres in
the micron size range. J Colloid Interface Sci 1968;26:62–9.
[19] Branda F, Silvestri B, Luciani G, Costantini A. The effect of mixing alkoxides on
the Stober particles size. Colloids Surf A 2007;299:252–5.
[20] Galindo-Rosales FJ, Rubio-Hernández FJ, Sevilla A. An apparent viscosity















 Fitting of sample A.
 Fitting of sample B.
 Fitting of sample C.











Fig. 5. The fitting curves and experimental results.
Table 2
Parameters in Eq. (2) for different samples obtained by fitting method.
Pure STF STF + 0.625% SiC
Nanowires
STF + 0.975% SiC
Nanowires
STF + 1.250% SiC
Nanowires
KI 0.0036 19.82 22.11 47.57
KII 1.15 0.54 0.19 0.21
KIII 0.045 0.055 0.062 0.057
nI 11.91 0.85 0.60 0.84
nII 1.10 1.47 1.14 1.61
nIII 1.12 2.02 3.08 3.29
g0 49.40 235 417 516
gc 51.39 68.41 158.06 216.55
_cc 2.56 5.92 5.98 5.98
gmax 465 587 596 466
_cmax 13.9 15.4 13.7 12.2
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